Assembly of biopolymers into microgels is an elegant strategy for bioencapsulation with various potential biomedical applications. Such biocompatible and biodegradable microassemblies are developed not only to protect the encapsulated molecule but also to ensure its sustained local delivery. The present study describes the fabrication of microassemblies from a marine HE800 exopolysaccharide (EPS), which displays a glycosaminoglycan (GAG)-like structure and biological properties. HE800 EPS was assembled, through physical cross-linking with divalent ions, into microgel particles and microfibers using microfluidics. The microparticle morphology was highly affected by the polysaccharide concentration and its molecular weight. A model protein, namely Bovine Serum Albumin (BSA) was subsequently encapsulated within HE800 microparticles in one-step process using microfluidics. The protein release was tuned by the microparticle morphology with a lower protein amount released from the most homogeneous structures. Our findings demonstrate the high potential of HE800 EPS based microassemblies as innovative protein microcarriers for further biomedical applications.
Page 8 of 30
A c c e p t e d M a n u s c r i p t 8 molds were produced on silicon wafers (Si-mat, Germany). To produce the microfluidic chip, 174 PDMS mixture (10:1 base polymer/curing agent) cast from the mold was placed on a thin layer of 175 PDMS mixture (20:1 base polymer/curing agent) previously poured and fixed in a Petri dish. The 176 cross-linker diffused as a result of the PDMS gradient. The chip was then oven-treated at 60°C for 177 24 h to strengthen the cross-linking. The microchannels were rectangular in shape with a uniform 178 height of 130 µm. Channel dimensions were determined by profilometry. 179 180
Generation of HE800 microassemblies using microfluidics. 181
Microfluidic three-channel FFD with three inlets delivering the dispersed phase: CuCl 2 at 1 182 wt% (inlet 1, I1), water (inlet 2, I2) and an aqueous solution of HE800 DR at 1%, 1.5% or 2 wt% 183 (pH 7) (inlet 3, I3), and one inlet for the continuous phase: sunflower seed oil (Fluka) + Span 80 at 184 1 wt% (inlet 4, I4) was designed to produce the microparticles ( To visualize BSA encapsulated in the microparticles, fluorescent dye FITC (Sigma-Aldrich) 216 was grafted to the protein, as previously described (Marquis, Davy, Cathala, & Renard, 2015) . To 217 encapsulate BSA-FITC in the microparticles, the protein was directly solubilized at 0.1 wt% in the 218 aqueous solution of HE800 DR either at 1 or 2 wt%. CuCl 2 concentration was kept constant at 1 219 wt%. The BSA-FITC loaded microparticles were produced using three channel FF device with the 220 flow rates of the continuous oil phase of 35 µL/min and the dispersed phases: HE800 DR/BSA-221 Phase contrast and fluorescence microscopy images were captured with an Olympus IX51 239 inverse microscope equipped with a digital camera (Sony, SCD-SX90). The size distributions of 240 microstructures produced were analyzed using the ImageJ freeware v135c. SEM observations on 241 supercritically-dried samples prepared as previously described (Marquis, Davy, Cathala, & Renard, 242 2015) were made using a Jeol 6400F microscope operating at 3 kV after gold/palladium sample 243 coating. All AFM images were recorded with a NanoWizard® Atomic Force Microscope (JPK, 244
Germany) operating in intermittent contact mode under ambient conditions. A standard rectangular 245 cantilever (Nanosensors NCL-W) was used for imaging, with a free resonance frequency of 165 246 kHz and a typical spring constant of about 40 N/m. The radius curvature of the tip was ~10 nm. In 247 order to ensure the reproducibility of the observed morphology, all samples were scanned at least on 248 three different zones. Each sample was investigated using fresh tips previously cleaned by UV-249 ozone treatment. The height and width measurements (typically 80-100 measurements per sample) 250
were done using JPK Data Processing software (JPK, Germany).
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Results and discussion 253

Preparation of HE800 derivatives and their gelling properties. 254
In order to promote HE800 EPS structuring into microcarriers for protein delivery, native 255 polysaccharide of high-molecular weight (M w = 1 000 000 g/mol) was firstly depolymerized. Two 256 HE800 derivatives (HE800 DRs) of 100 000 g/mol and 300 000 g/mol were prepared using free-257 radical depolymerization (Senni et al., 2008) . Constant molar ratio GlcNAc/GlcA/GalNAc of 1/2/1, 258 determined after osidic unit analyses of the native HE800 EPS and the two HE800 DRs, 259
demonstrates that the depolymerization process had no major impact on the polysaccharide 260 structure. In the following step, the two HE800 DRs were tested for their gelling ability in the 261 presence of different divalent cations. Ca The effect of Cu 2+ addition on HE800 DR (300 000 g/mol) structuring was assessed using Atomic 283
Force Microscopy (AFM). In order to follow the initial step of gelation mechanism, i.e. first inter-284 chain associations before a dense network formation, AFM imaging was done on highly diluted 285 systems. (Fig. 2D ) and the measured diameter, it could be assumed that several 295 chains are laterally associated and constitute the observed native fiber. These lateral chain-chainM a n u s c r i p t 13 associations appearing already in the native fiber are most likely mediated by residual ions 297 remaining in the sample and by water-mediated hydrogen bonds, which prevent the complete chain 298 dissociation during sample solubilization. The addition of Cu 2+ cations to the native HE800 DR (300 299 000 g/mol) fibers has considerably affected their morphology. An increase in the average height (3.8 300 ± 0.25 nm, Fig. 2C ) as well as the average fiber width (52.5 ± 5.0 nm, Fig. 2D ) was observed. The 301 increase in both height and width measurements indicates that more chains were associated after 302 Cu 2+ addition. This increase demonstrates that copper ions induce chain-chain associations, which 303 result in fine in gel formation when the polysaccharide and ion concentrations are high enough. (nm) distributions of HE800 DR fibers before and after Cu 2+ ion addition. 315
HE800 DR microassembly formation using microfluidics: numerical simulations and 316
experiments. 317
Two microfluidic Flow-Focusing Devices (FFDs) were designed to generate HE800 DR 318 microassemblies. A three-channel FFD presented on the A c c e p t e d M a n u s c r i p t 14 g/mol) at 2 wt% (pH 7) and CuCl 2 at 1 wt%, whereas the continuous phase was constituted of 321 sunflower oil. In order to avoid gelling before FFD junction, the water flow was introduced between 322 the polysaccharide and CuCl 2 flows. In the designed FFD, the continuous phase is pumped through 323 the two side channels and the dispersed phase is injected from the three left channels (Fig. 3A) . 324
Before the experiments, the emulsion within the microfluidic device was modeled by combining the 325 incompressible Navier-Stokes equation, a continuity equation and a level set equation. Precisely, a 326 level set method was implemented to track the interface evolution between the continuous and 327 dispersed phases during the droplet formation (Olsson & Kreiss, 2005) . In this method, the interface 328 is defined by an isocontour curve of the level set function, φ , equal to 0.5. The continuous phase is 329
represented by φ >0.5 whereas φ <0.5 corresponded to the dispersed phase. when the dispersed phase reaches the orifice entrance, a cone-shape with a neck is formed due toM a n u s c r i p t 15 the flow rate of the continuous phase (Fig. 3B) . Then, the shear forces exerted on the interface by 347 the continuous phase become sufficiently strong to pinch off the dispersed phase and conduct to the 348 formation of tiny beads (Fig. 3C) . Finally, water-in-oil monodisperse droplets of 100 µm-diameter 349 are formed (Fig. 3D) . Simulations also reveal that the diameter of monodisperse droplets can be 350 easily tuned by playing with Ca and Q values. For instance, the increase of Ca can induce a 351 significant decrease in the droplet size (Fig. S3, Supplementary data) . It was shown furthermore that HE800 DR (300 000 g/mol) can also be structured in microfibers in 387 the presence of Cu 2+ ions. For microfiber generation, two-channel FFD presented on the Fig. 5A was  388 designed. In this case, the dispersed phase was composed of aqueous solutions of HE800 DR (300 389 000 g/mol) at 2 wt% with FITC at 0.01 wt% and CuCl 2 at 1 wt%. Contrary to the microparticles, the 390 stable cylindrical stream leading to microfibers was obtained by decreasing the flow rate of the 391 continuous oil phase at 3 µL/min, while the flow rate of the disperse phases was kept constant 392 (HE800 DR at 2 µL/min and CuCl 2 at 3 µL/min). The microfibers of 1 to 5 mm in length and of 100 393 µm (c.v. = 7%) in diameter were obtained (Fig. 5B) . SEM images revealed the smooth surface of the 394 microfibers formed (Fig. 5C) . 395 
The influence of HE800 DR concentration and molecular weight on the microparticle 404
morphology. 405
In order to evaluate if HE800 DR (300 000 g/mol) concentration had an impact on the 406 microparticle morphology, microparticles were generated using two lower polysaccharide 407 concentrations of either 1.5% or 1 wt% (pH 7). The CuCl 2 concentration was kept constant at 1 408 wt%. The flow rates of the continuous and dispersed phases were the same as for the microparticles 409 produced with HE800 DR at 2 wt%. SEM images presented on the Fig. 6 (A and B) revealed that 410 decreasing polysaccharide concentration led to a progressive loss of the rose-like morphology 411 observed at 2 wt% (Fig. 4D) . Moreover, microparticles formed at 1 wt% were completely devoid of 412 this peculiar structure and appeared more homogeneous. This morphology results most likely from 413 more homogeneous mixing between polysaccharide chains and copper ions induced by convection 414 phenomenon before gelation. In contrast, for higher polysaccharide concentration (1.5% and 2 415 wt%), gel formation occurs instantaneously when the flow of the polysaccharide meets the copper 416 flow, which leads to the rose-like structure. It was assessed furthermore that the microparticle 417 morphology can also be affected by the polysaccharide molecular weight. At the same 418 polysaccharide concentration (2 wt%), the morphologies of the microparticles formed were 419 A c c e p t e d M a n u s c r i p t 18 different. HE800 DR of 300 000 g/mol was structured in the rose-like form (Fig. 4D) , whereas the 420 morphology of the microparticles formed with HE800 DR of lower molecular weight (100 000 421 g/mol) appeared more homogeneous (Fig. 6C) . This morphology was similar to the one obtained 422 with the derivative of 300 000 g/mol at 1 wt% (Fig. 6B) In order to produce protein loaded microparticles, the dispersed phase was composed of water and 447 aqueous solutions of HE800 DR (300 000 g/mol) containing BSA-FITC at 0.1 wt% (pH 7) and 448 CuCl 2 at 1 wt%. To assess if the polysaccharide concentration had an impact on protein release from 449 the microparticles, two polysaccharide concentrations of 1% and 2 wt% were tested to elaborate the 450 microparticles. As previously shown on SEM images, more homogeneous structure was obtained at 451 a concentration of 1 wt% (Fig. 6B) , instead of heterogeneous one (rose-like structure) formed at 2 452 wt% (Fig. 4D) . These two distinct morphologies suggest that the gelling ratio differs within both 453 structures, which may in turn influence the protein distribution and its further release. To ensure that 454 the same amount of the protein was encapsulated within microparticles formed at HE800 DR 455 concentrations of 1% and 2 wt%, the flow rates of the continuous phase (oil at 35 µL/min) and the 456 dispersed phases (HE800 DR at 2 µL/min, CuCl 2 at 3 µL/min and water at 4 µL/min) were kept 457 constant. The fluorescence microscopy images presented on the Fig. 7A show that the protein was 458 successfully encapsulated within microparticles formed at polysaccharide concentrations of 1% and 459 2 wt%. SEM images of the protein loaded microparticles are presented on the Fig. 7B . It was 460 noticed that the morphologies of BSA loaded microparticles differ from those obtained before 461 incorporating the protein into the system. In particular, the microparticle formed with HE800 DR at 462 2 wt% started to loose its rose-like structure. This observation put forward that the protein 463 encapsulation has disrupted the polysaccharide gelling and affected its gelling ratio due most likely 464 to steric hindrance and/or polysaccharide-protein interactions. Indeed, even if at pH 7, HE800 DR 465 and BSA-FITC are both negatively charged, the presence of Cu 2+ ions would decrease the repulsive 466 forces between both entities, especially if BSA bears only 18% of acidic groups. In addition, 467 attractive hydrophilic and hydrophobic forces may also be responsible for protein-polysaccharide 468 interactions. an initial burst of 6-22% in HEPES and 10-30% in PBS, followed by a slow sustained releaseM a n u s c r i p t 21 leading to a maximum protein release of 44% in HEPES and 59% in PBS. In contrast, higher 493 amounts of protein were liberated from microparticles structured with HE800 DR at 2 wt%. An 494 initial burst of 7-33% in HEPES and 20-54% in PBS was measured, followed by a sustained release 495 with a plateau value reached within 28h corresponding to a maximum protein release of 70% in 496 HEPES and 85% in PBS. The important difference in protein release between BSA-FITC loaded 497 microparticles structured with HE800 DR at 1% and 2 wt% is most likely due to the fact that at 2 498 wt%, the gelling ratio remains higher than that at lower polysaccharide concentration of 1 wt%. 499
More rapid gelling leads to less homogeneous morphology, as observed for the microparticles 500 prepared with HE800 DR at 2 wt% in comparison to those formed with HE800 DR at 1 wt%. 501
Gelling ratio influences the protein distribution inside the microparticle and more homogeneous 502 distribution should be obtained in the microparticles with lower gelling ratio (HE800 DR at 1 wt%). 503
Better incorporation of the protein inside the microgel structure results in lower initial burst and 504 lower amount of the total protein released. The fact that the protein was not completely released 505 from the microparticles can be explained not only by the homogeneous protein distribution inside 506 the microparticles but also by polysaccharide-protein interactions mediated most likely by 507 hydrophilic-hydrophobic forces. Indeed, the microparticles incubated either in PBS or in HEPES 508 were rapidly swelled after the addition of buffers (Fig. S4, Supplementary data) . Consequently, if 509 the protein was not interacting with the polysaccharide matrix, it would be fully released and 510 recovered in the buffer. In fact, HE800 EPS in its hydrated form may act as a protein reservoir by 511 sequestrating the molecules before releasing them, in the same manner as GAGs present within 512 extracellular matrix (Zcharia et al., 2005) . Therefore, the presence of soluble HE800 molecules 513 liberated from the swelled microparticles could be highly beneficial in engineered tissues. Indeed, 514 HE800 EPS bioactivity was previously demonstrated on collagen structuring and dermal fibroblast 515 settle in extracellular matrix (Senni et al., 2013) . 516
It was also observed that the protein release depended not only on the polysaccharide concentration 517 but also on the buffer used. Indeed, the amount of the protein released in PBS was 15-20% higher 518
Page 22 of 30 A c c e p t e d M a n u s c r i p t 22 compared to that liberated in HEPES. It is likely that PBS complexes Cu 2+ ions, which are 519 physically cross-linked with HE800 DR, in a higher degree than HEPES. Finally, microparticles 520 structured with this unusual polysaccharide displaying GAG-like properties could not only be used 521 as a protein delivery system, but also as local Cu 2+ ion delivery system. Indeed, several studies have 522 demonstrated the biological potential of copper ions towards angiogenesis (Gérard, Bordeleau, 523 Barralet, & Doillon, 2010) and stimulation of mesenchymal stem cell differentiation (Rodríguez, 524 Ríos, & González, 2002) . 525 526
Conclusion 527
In the present study, an unusual polysaccharide from marine origin, namely HE800 EPS was 528 structured for the first time using microfluidics in functional microcarriers that can be used as 529 protein delivery systems. The significant advantage of the present delivery system is based on 530 peculiar polysaccharide GAG-like structure and its biological properties, which can both be 531 explored to create an innovative biomaterial for tissue engineering applications. This high-added 532 value polysaccharide was shown to be able to form microparticles and microfibers, through physical 533 cross-linking with copper ions, using microfluidics. It was shown that the microparticle morphology 534 could be modulated by the polysaccharide concentration and its chain length, and that either 535 homogeneous or heterogeneous structures could be obtained. The microparticle morphology seems 536 to be a key factor since it highly influenced the protein release. Indeed, a lower amount of BSA 537 protein was released when the protein was encapsulated within homogeneous microparticles in 538 comparison to heterogeneous ones. The potential application of HE800 microgels in bone or 539 cartilage tissue engineering as growth factor delivery system may now be explored. The 540 incorporation of protein loaded HE800 microgels in their wet state into hydrogel scaffolds and the 541 impact of a sustained growth factor release onto mesenchymal stem cell differentiation in vitro and 542 in vivo will be assessed. Depending on the growth factor nature, the binding polysaccharide-proteinM a n u s c r i p t 23 affinity will be tuned not only by the polysaccharide concentration but also by the presence of 544 additional charges on the polysaccharide backbone, e.g. sulfate groups. 545 M a n u s c r i p t A c c e p t e d M a n u s c r i p t M a n u s c r i p t
